Forward and reverse genetics now allow researchers to understand embryonic and postnatal gene function in a broad range of species. Although some genetic mutations cause obvious morphological change, other mutations can be more subtle and, without adequate observation and quantification, might be overlooked. For the increasing number of genetic model organisms examined by the growing field of phenomics, standardized but sensitive methods for quantitative analysis need to be incorporated into routine practice to effectively acquire and analyze ever-increasing quantities of phenotypic data. In this study, we present platform-independent parameters for the use of microscopic x-ray computed tomography (microCT) for phenotyping species-specific skeletal morphology of a variety of different genetic model organisms. We show that microCT is suitable for phenotypic characterization for prenatal and postnatal specimens across multiple species.
at the macroscopic and microscopic scale, permitting more rapid analysis of certain phenotypes such as skeletal defects and defects of the vasculature system (Paulus et al., 2001; Kindlmann et al., 2005) . With the use of metal-containing contrast agents, the fine structure of soft tissues can also be observed and characterized (Johnson et al., 2006) . Thus, microCT is a good general performance phenotyping tool.
In this study, we show that microCT is a specifically powerful and practical tool for the skeletal analysis of diverse model genetic organisms. We present guidelines for reproducible, species-specific qualitative and quantitative phenotypic analysis of several genetic model organisms at different stages of development. Species studied include Mus musculus (mouse), Xenopis laevis (frog), Danio rerio (zebrafish), Myotis lucifugus (bat), Monodelphis domestica (opossum), Gallus domesticus (chicken), Anas domesticus (duck), and Microcebus murinus (mouse lemur). These new guidelines are optimized with respect to the resolution, signal:noise, and artifact reduction that are necessary to detect features of frequent interest for each organism. Investigators may find that, for their specific purposes, slight modification of the settings presented here may be successfully amended to enhance imaging of desired features of interest. Using freely available software for image analysis, we also demonstrate how higher order image processing can enhance the information content of scans.
MATERIALS AND METHODS
All animals were obtained in accordance with appropriate institutional and governmental animal use guidelines and approvals. MicroCT instruments from two manufacturers were used to scan specimens at settings appropriate for skeletal phenotyping. For scans of 27-mm, 46-mm, and 93-mm resolution (i.e., focal spot width), a GE eXplore Locus in vivo microCT Scanner (GE Healthcare, London, Ontario, Canada) was used. For scans with resolutions ranging from 6 mm to 36 mm, a SCANCO mCT40 specimen scanner (SCANCO USA, Southeastern, PA) was used. Table 1 details the scan parameters for each of the analyzed specimens below.
Preparation of Mouse Specimens
Newborn and adult Mus musculus were euthanized by isoflurane inhalation and staged and scanned using the parameters detailed in Table 1 .
Preparation of Adult Frog
A 15-month-old Xenopus laevis specimen was staged and scanned using the parameters detailed in Table 1 .
Preparation of Adult Zebrafish
An adult Danio rerio was fixed in 10% buffered formalin, staged, and scanned using the parameters detailed in Table 1 . 
Preparation of Adult Bat
A 1-year-old adult Myotis lucifugus skeleton preparation was staged and scanned using the parameters detailed in Table 1 . For skeleton preparations of the bat, abdominal and thoracic organs were removed and carcasses were fixed in 95% ethanol for 4 days. Carcasses were then cleared in 20% glycerol/1% potassium hydroxide for 6 days, transitioned to 50% glycerol/1% potassium hydroxide for 10 days and transferred to 100% glycerol for photography with a digital camera mounted on a dissecting light microscope (Carl Zeiss Stemi 2000 CS, Thornwood, NY).
Preparation of Adult Opossum
An adult Monodelphis domestica was euthanized by CO 2 inhalation, staged, and scanned using the parameters detailed in Table 1 .
Preparation of Fetal Chick
White Leghorn chicken eggs (Gallus domesticus) were obtained from a regional vendor (Ideal Poultry, Cameron, TX) and incubated in a Lyon R-COM-20 incubator (Lyon Technologies, Inc., Chula Vista, CA) at 388C and 60% humidity from day 0 to day 14. On day 14, the fetus was harvested and fixed in 10% phosphate buffered saline (PBS) buffered formalin. The fetus was staged and scanned using the parameters detailed in Table 1 .
Preparation of Fetal Duck
White Pekin duck eggs (Anas domesticus) were obtained from a national vendor (Duckeggs.com, Chino Hills, CA) and incubated in a Lyon R-COM-20 incubator at 388C and 60% humidity from day 0 to day 19. On day 19, the fetus was harvested and fixed in 10% PBS buffered formalin. The fetus was staged and scanned using the parameters detailed in Table 1 .
Preparation of Adult Lemur
The eviscerated carcass of a 10-year-old adult lemur (Microcebus murinus) was obtained from the Duke University Lemur Center (Durham, NC). The lemur was staged and scanned using the parameters detailed in Table 1 .
Quantitative Analysis
Two-dimensional transfer function (2DTF) visualizations were performed with open source software from the University of Utah Scientific Computing Institute (BioImage, http://www.sci.utah.edu/cibc/software). Data obtained from opossum, mouse, bat, and lemur scans were quantitatively analyzed using open source software with optional bone analysis plug-ins, (MicroView Ó version 2.1.2, GE Healthcare, http://microview.sourceforge. net) Using this software, right forelimb (humerus, radius) and right hindlimb (femur, tibia) regions of interest were isolated from each specimen scan, then limb lengths were measured using anatomical landmarks at the proximal and distal ends of each bone. Limb length measurements were used to determine the midpoint of the respective shaft. These data were then used to digitally slice a perpendicular cross section of the shaft midpoint. Cortical thickness was taken along three representative areas of this slice and averaged. A 3 3 3 3 1 mm volume of interest (VOI) centered at the midpoint was generated and bone mineral density values were derived from the summed average of this region and from identical regions one millimeter proximal and distal to the midpoint of the shaft.
RESULTS

Rapid microCT Scans of Mouse Fetal Skeletons Closely Approximate Data From Traditional Preparations
The mouse has become a mainstay of understanding mammalian gene function and modeling human disease (Kohl et al., 2007; Landstrom et al., 2007; Matera et al., 2007; Tsukumo et al., 2007 ). An increasing number of studies have taken advantage of microCT for their phenotypic characterizations of adult mouse skeletal morphology (Nieman et al., 2006; Perlyn et al., 2006; Nahrendorf et al., 2007) , but fetal skeletal analysis remains challenging (Kindlmann et al., 2004) . Nevertheless, accurate methods of analyzing mouse fetuses will be a critical aspect of Tier 1 Phenotyping for the mouse knockout project (Austin et al., 2004) .
To determine optimal parameters for mouse fetal skeletal analysis, we performed a series of preliminary scans on fetal mice using a commonly available live animal microCT scanner. We varied specimen medium, x-ray energy, number of views, and frames averaged per view at 27-mm resolution. Results are given in Supplementary Figures S1 and S2, which can be viewed at http://www. interscience.wiley.com/jpages/1058-8388/suppmat. Essentially, a specimen immersed in ethanol at an appropriate x-ray energy (55 kVp) with views at least every 0.5 degrees and multiple averaged frames per view could closely approximate detail given by an alizarin red skeleton preparation. However, the finest features such as the tympanic ring could not be detected, and closely spaced cervical vertebrae could not be resolved from one another. This finding led us to take advantage of a higher resolution microCT specimen scanner whereby similar scan parameters at a higher resolution (10 mm) gave satisfactory results, resolving both the tympanic ring and the cervical vertebrae ( Fig. 1 ). This optimized scan took 25 hr of machine time, but less than 30 min of operator time, which compares favorably to the many hours (or days) required for a traditional alizarin red skeleton preparation.
Rapid microCT Phenotyping Is Amenable to Adult Xenopus Specimens
Xenopus laevis, the African clawed frog, is valued by developmental biologists for the large and easily discernible cell divisions of the egg during embryogenesis. However, morpholino injection techniques have allowed investigators to modify the genome of the frog systematically (Ogino et al., 2006) . This advent in genetics is moving analysis beyond the light microscope because a larger field of view is needed to characterize phenotypic changes that may be manifest in adult animals.
To address the optimized parameters for phenotyping the adult frog, a 93-mm microCT scan was performed on a Xenopus laevis specimen. A maximum intensity projection (MIP) is presented in Figure 2A . Regions of higher density are seen as ''brighter'' than regions of lower density. Digital renderings of the skeleton were generated in different orientations ( Fig. 2B-F ), and demonstrate that this level of resolution is appropriate to rapidly (within 20 min) phenotype an adult Xenopus specimen.
MicroCT Is a Noninvasive Method of Phenotyping the Very Fine Features of Zebrafish
Danio rerio, the teleost zebrafish native to China, has emerged as an important genetic model organism for developmental biology (Dawid, 2004) and human disease (Hsu et al., 2007) . Large scale mutagenic screens have been performed (Driever et al., 1996; Geisler et al., 2007) and many stable, heritable, germline mutations have been introduced into inbred colonies for use in embryonic and postembryonic studies. Unfortunately, zebrafish become partially pigmented as adults, which confounds the observation of morphological structures under a light microscope.
To assess the role of microCT in examining the very fine features of adult zebrafish morphology, a 6-mm microCT scan was performed and analyzed using rendering algorithms that are especially well suited to recognize edge boundaries. By using this 2DTF algorithm to generate a rendering (Kindlmann et al., 2005) of the adult zebrafish cranium, one can appreciate in color the discontinuity of zebrafish skull plates as well as overall internal skeletal morphology ( Fig. 3A and B, respectively). The Weberian apparatus, a specialized organ for enhancing hearing, is made apparent in the oblique view seen in Figure 3B (white arrow in blue focus circle). Even with a simplified color scheme, the small bony features of the skull are readily apparent (Fig.  3C ). In addition to surface morphology, virtual cutaways through the specimen can allow internal structures to be visualized (Fig. 3D) . By semitransparent renderings, important internal structures can be a, atlas; cl, clavicle; d, dentary; eo, exoccipital; et, ethmoid; h, humerus; m, maxillary; n, nasal; pm, premaxillary; pt, pterygoid; qj, quadratojugal; se, sphenethmoid; ss, suprascapular; t, tympanum; vo, vomer . Scale bar 5 3.6 mm.
distinguished in their natural orientation deep within the specimen, as is demonstrated by the demarcation of the three pairs of crystalline otoliths residing within the zebrafish inner ear complex (Fig. 3E, light blue) . Even the finest structures are delineated in remarkable detail, as shown by the rendered depictions of the isolated zebrafish pectoral fin (Fig. 3F) and the individual segments of the partial zebrafish spine (Fig. 3G) .
Anatomical Landmarks Can Be Identified and Measured Accurately for Comparative Avian Studies Using microCT
In addition to early embryological studies of chick (Kuehnel, 1961; Kurose, 1961; Vigh et al., 1968) , current molecular biology techniques and newer imaging technologies have allowed researchers to further investigate limb development (Ohuchi et al., 1998; Saito et al., 2006) , bone mineral density (Shahnazari et al., 2006) , and beak patterning (Abzhanov et al., 2004; Wu et al., 2006) in the chicken fetus. Because the whole genome of chicken has been sequenced (Wallis et al., 2004) , one might reasonably expect that an increase in the numbers of fetal chick phenotyping studies will soon follow (Zhou et al., 2007) .
Another avian model of importance, domestic ducks have been used traditionally for the epidemiological characterization of avian influenza (Pantin-Jackwood and Swayne, 2007; Van Borm et al., 2007; Yamamoto et al., 2007 ), yet their utilization in comparative morphologic studies has been increased in recent years (Wu et al., 2004; Brugmann et al., 2006) . In confirmation of the duck's importance as an emerging genetic model organism, a genomic linkage map recently generated from the cross of two Pekin ducks was published to facilitate genomic comparisons between chickens and ducks (Huang et al., 2006) .
To determine the utility of microCT for avian fetus studies, we compared overall morphology of the wildtype fetal chick, Gallus domesticus, at day 14 of development to that of the wild-type fetal duck, Anas domesticus, at day 19 of development. Whole body renderings of chick and duck revealed morphological differences in ovo (Fig. 4A,B) . Noticeable in the duck rendering is the scleral ring of the eye (Fig. 4B) . Although not seen in the fetal chicken at this particular stage of development, this negative pressure adaptation is believed to be more pronounced in flying and diving birds and is highly variable in the number of plates, thickness, and curvature, dependent upon species (Curtis and Miller, 1938) . Comparative meas- Fig. 3 . Advanced rendering algorithms, combined with a higher resolution scanning instrument allow for zebrafish phenotyping. Whole specimen skeletal analysis of adult zebrafish, Danio rerio, at 6-mm focal spot width. A: Volumetric two-dimensional transfer function rendering of the zebrafish cranium. Renderings such as this left sagittal view of the zebrafish skull help the observer appreciate edge boundaries. B: Rendering of zebrafish cranium in the oblique caudal view. The Weberian apparatus, a negative pressure adaptation used in predator detection, is highlighted (white arrow in blue focus ring). C: Pseudocolored rendering of the left lateral aspect of the zebrafish skull. D: Noninvasive cross-sectional rendering of the zebrafish skull. E: Dorsal aspect of the zebrafish, anterior to the left. The bright blue nodules represent the lapillus (L), sagitta (s), and asteriscus (a) (the anterior, medial, and posterior otoliths, respectively) of the adult zebrafish ear. F: Rendering of the pectoral fin. The fine structure of the fin bones can be seen despite their inherently small size. G: A rendered portion of the ventral aspect of the zebrafish spine showing articulation of individual spinal segments. aa, anguloarticular; boc, basioccipital; cm, coronomeckelian; d, dentary; ec, ectopterygoid; en, entopterygoid; eo, epioccipital; eoc, exoccipital; f, frontal; hm, hyomandibula; io, infraorbital; iop, interopercle; k, kinethmoid; le, lateral ethmoid; mpt, metapterygoid; mx, maxilla; n, nasal; op, opercle; os, orbitosphenoid; pa, parietal; pm, premaxilla; pop, preopercle; ps, parasphenoid; pto, pterotic; pts, pterosphenoid; q, quadrate; ra, retroarticular; soc, supraoccipital; sop, subopercle; sph, sphenotic; su, supraorbital; sy, symplectic. (After Cubbage and Mabee, 1996.) Scale bar 5 0.5 mm.
urements of beak morphology demonstrate differences not only in beak lengths but also their placement relative to the orbits (Fig. 4C,D) , which is more distant in the duck.
Generally Inaccessible Features of the Skeleton Can Be Analyzed Without Destructively Altering Its Natural Position Using microCT Phenotyping Protocols
Bats are the only true flying mammals, yet they comprise one of the largest taxonomic fields in mammalian zoology. Myotis lucifugus (otherwise known as the ''little brown bat'') is one of several bat species currently being characterized as a genetic model organism of great potential, particularly by investigators interested in the genetic basis of bat wing patterning (Lehoczky et al., 2004) and the surprising longevity of particular bat species (Brunet-Rossinni, 2004; Podlutsky et al., 2005) .
Although the limbs of a bat are of great interest to comparative biologists, the study of those specimens' bones with articulated joints generally necessitates the disarticulation of bone and socket for further detailed observation. To determine microCT scanner requirements for visualization of gross and fine features of the bat, we used both a live animal scanner and specimen scanner to examine the hip joint and compared our results with traditional light microscopy. Gross light microscope photographs of the pelvis of an eviscerated and cleared adult Myotis lucifugus reveal general external features (Fig. 5A ), but important features of the femur, such as the greater trochanter (gt), linea aspera (la), and marrow cavity (mc) are not as readily apparent in the photograph as in the 46 mm microCT scan image of the same skeleton preparation (Fig. 5B) . A light microscope photograph of the disarticulated femoral head (Fig. 5C) was also surpassed by a specimen scan (12-mm resolution) of the articulated femoral head (Fig. 5D) . A light microscope picture of the disarticulated bat pelvis (Fig. 5E ) was generally comparable to the articulated pelvis (12 mm resolution) microCT rendering (Fig. 5F ). Thus, microCT scans can perform favorably against traditional skeleton preparations if the scanner resolution is appropriate for the region of interest and disarticulation can be avoided.
Multi-species Data Can Be Quantitatively Compared Using microCT
The scope of genetic model organisms is continually increasing. Monodelphis domestica, the South American gray short-tailed opossum, is the first metatherian mammal to have its genome sequenced (Mikkelsen et al., 2007) . Evolutionary (Gallwitz et al., 2006; Belov et al., 2007; Goodstadt et al., 2007) and functional (Ek et al., 2006; Freyer et al., 2007) studies have been extensively conducted, but morphological studies are sparse (Sanchez-Villagra and Maier, 2003; Kitchener et al., 2006) . Because of its size similarities to mouse and rat, Monodelphis domestica is also emerging as a useful tool for preclinical studies (Chan et al., 2002) . Among primates, the mouse lemur Microcebus murinus is the smallest of the extant primates and is well known for its utility in the study of aging, both for the physiological (Genin and Perret, 2003; Cayetanot et al., 2005; Beltran et al., 2007) and psychological effects (Bons et al., 2006; Picq, 2007 ) that arise at the onset of senescence. With the advent of microCT as an investigative tool for skeletal research, these two species can be further used in comprehensive morphological studies. A maximum intensity projection of 46 mm scan of bat pelvis. Visible are the linea aspire (la), to which muscles attach, and the greater trochanter (gt), a feature of the proximal femur. C: Darkfield microscopy of the disarticulated femoral head. D: Rendering of 12 mm scan of the articulated femoral head (i.e., the scan was cropped, but the specimen bone was intact in the socket during the scan). Pelvis has been cropped out of the image for viewing of femoral features. E: Darkfield microscopy of the disarticulated bat pelvis. F: Rendering of a 12-mm scan of the articulated pelvis. Femur has been cropped out of the image for viewing of pelvic features. ac, acetabulum; fcf, fovea capitis femoris; h, head (of femur); il, ileum; is, ischium; itc, intertrochanteric crest; lt, lesser trochanter; mc, marrow cavity; n, neck (of femur); pu, pubis. Scale bar 5 6.0 mm in A, 0.5 mm in C, 2.0 mm in E. To best exemplify the capabilities of microCT as a general purpose phenotyping tool, a multispecies survey of whole body skeletal morphology was performed for adult Monodelphis domestica, Mus musculus, Myotis lucifugus, and Microcebus murinus. All animals were scanned at 93 mm, with the exception of the bat, which was scanned at 46 mm. Sagittal renderings (Figs. A-D) as well as skull MIPs (Fig. 6I-V) were generated for comparison between species. Qualitatively, one can appreciate gross differences among these four specimens including posture, cranial morphology, and dentition adapted to the foraging habits of each model organism. Quantitatively, physical measurements were consistently more precise using microCT scans than using specialized dental calipers (Supplementary Figure S3 ; standard deviation of humerus length 0.014 mm for microCT vs. 0.84 mm for calipers). The appendicular skeleton of M. lucifugus is an outlier because its forelimb length is proportionately longer and its hindlimb length is proportionately shorter ( Fig. 7A ; humerus:femur ratio 169.8 for M. lucifugus vs. 83.3 for M. musculus, 78.9 for M. domestica, and 68.9 for M. murinus). M. lucifugus forelimb cortical thickness and bone mineral density (BMD) are also proportionately lower ( Fig. 7B,C 
DISCUSSION
Alizarin red and Alcian blue double staining have long been used to visualize bone and cartilage, respectively (Scott and Dorling, 1965; Puchtler et al., 1969) . Traditionally, these double stain whole-mount skeleton preparations have been the method of choice for anatomical characterization of assayed mutant skeletons in mutagenic screens, but the protocol is labor intensive and time consuming. MicroCT is emerging as a tool for researchers to acquire digital image data for the ossified skeleton in a fraction of the time, noninvasively and at resolutions equal to or greater than that achievable by direct caliper methods. Indeed, others have successfully used microCT for quantitative biological investigations detailing specific skeletal alterations arising from genetic or physical manipulation (Shanmugarajan et al., 2007; Wang et al., 2007; Sabsovich et al., 2007) . In this report, we present platform-independent microCT parameters suitable for analyzing the anatomical features of interest of a variety of genetic model organisms.
We show that microCT is capable of obtaining useful skeletal information similar to that derived from traditional double stain preparations, even for specimens as small as the mouse fetus or adult zebrafish. More accurate visualizations of information content was made possible by optimizing scan parameters (resolution, signal: noise) along with higher order visualization software. Our investigation used several prototypic and emerging genetic model organisms chosen for their utility in a variety of biological studies amenable to skeletal phenotypic characterization. High-resolution imaging was performed non-invasively, a priority characteristic when dealing with cohorts of rare or minute specimens. Most importantly, useful quantitative information was derived for skeletal structures of interest from which inter-species or cross-species analysis can be performed.
Depending upon feature of interest, microCT may be considered a definitive intermediate screening method for phenotyping. A recognized limitation of microCT is the inability to visualize cartilage. Nevertheless, microCT specimens can still be subsequently processed by traditional dual stain skeleton preparations for this purpose (Supplementary Figure S1 ) Using scanner resolution appropriate to the finest feature of interest is key to successful imaging. A tradeoff exists between spatial resolution and field of view; fortunately, many features of medium to large animals are proportionately larger. However, even with intermediate spatial resolutions, higher order computer algorithms (Kindlmann et al., 2005) can extract sufficient information content to indicate when a sample or subset of samples requires a secondary screen for a selected region of interest. The highest resolution in this report was 6 mm, whereas light microscopes have a spatial resolution of 0.1-0.2 mm; however, commercially available scanners are becoming available at nanoscale resolutions (Brunke et al., 2007) , albeit with more limited fields of view. This next generation of submicron imaging is primarily driven by the semiconductor and materials industries (Holzer et al., 2004) yet is predicted to be an available resource for biomedical researchers as well (Larabell and Le Gros, 2004; Frey et al., 2006; Whitesides, 2005; Attwood, 2006) .
